Dispersion and absorption characteristics of electrokinetic wave in unmagnetised extrinsic semiconductor with streaming carriers are analytically investigated. By using quantum hydrodynamic model, a linear dispersion relation is derived for longitudinal electrokinetic wave in colloids laden semiconductor plasma under slow electrokinetic mode regime. Results indicate that quantum effect through Bohm potential significantly modifies the dispersion and absorption characteristics of electrokinetic wave spectrum. The outcome is hoped to add substantially to the present knowledge of wave spectrum of longitudinal electrokinetic wave in colloids laden quantum semiconductor plasma subjected to a dc electric field along the direction of wave propagation.
Introduction
Due to its potential applications in nanosized electronic devices [1, 2] , quantum plasma have lately become main thrust area of plasma scientists. Several researchers [3] [4] [5] [6] [7] [8] [9] [10] have reported quantum effect in high density and extremely low temperature plasma media, since in these environments the de-Broglie wavelength of the plasma particles become comparable to the Debye length or other scale lengths of the plasma and consequently quantum mechanical effects become important parameter in deciding the behaviour of charged particles.
At extremely low temperatures, due to high value of dielectric response function, the concept of plasma state of semiconductor becomes valid and sensible. The plasmas in solids do not act exactly like free carrier gaseous plasma under external force due to interaction of atoms of lattices and collision effects arise from defects and vibrations of crystalline lattice [11] .
Meanwhile, a growing interest in what is known as dusty plasma has appeared [12, 13] . It may very safely be assumed that the presence of implanted charged colloids can strongly influence the host semiconductor medium and therefore the various properties well studied in dusty plasma can be revisited in this newly thought complex plasma medium in semiconductors. In this way, the presence of colloids in addition to mobile charge carriers already present in semiconductors resembles the dusty gaseous plasma system, as revealed from the references [14] [15] [16] [17] .
Inspired by present status of both quantum plasma and complex plasma medium in semiconductors, in the current paper, we report, the analytical study of the wave spectrum of electrokinetic waves in colloids laden highly doped semiconductor at liquid nitrogen temperature and the effect of streaming carriers due to presence of strong dc electric field. We firmly believe that the interaction of charged colloids with streaming carriers of host materials might become responsible for the modifications of excited modes and this basic negative-energy carrying mode shall be a very well suited probe for the study of colloids laden semiconductor quantum plasma. Thus, this probe may become very useful to study wave phenomena.
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Physics Research International the semiconductor result into the formation of colloids. We have placed the sample in static electric field ⃗ 0 , applied along negative -direction so that electrons are drifted towards positive -and holes towards negative -directions. The implanted colloids tend to acquire a net negative charge due to higher mobility of electrons compared to that of holes. These colloids are assumed to be remain stationary in the background by considering them to be massive enough to respond to the considered perturbations and regarded as just another component of the plasma medium. We have assumed that all the colloids can be treated as negatively charged point masses. Hence, now the plasma present in group IV-semiconductor that contains electrons, holes, and negatively charged colloids, may be treated with multicomponent plasma model.
To describe such multicomponent plasma system and to include quantum correction term, we have used the quantum hydrodynamic model of plasmas given by Manfredi [18] . The required basic continuity and momentum transfer equations are given by
The quantum statistics is included in the model through the equation of state given below which takes into account Fermionic character of the carriers:
This contribution may be interpreted as quantum pressure term with 2 = 2 / being the Fermi speed, is the Boltzmann constant, and is Fermi temperature of carriers. Equation (1) actually represents the equation of motion in quantum hydrodynamic regime with quantum Bohm potential [19] given as
The quantum hydrodynamic model is a generalization of classical fluid model of plasmas where the transport equations are expressed in terms of conservation laws for particle, momentum, and energy. The QHD model is a reduced model that allows straight forward investigation of the collective dynamics rather than to deal with complexity of other models. Using this QHD model and following the procedure adopted by Steele and Vural [20] , we could obtain the following general dispersion relation for longitudinal electrokinetic mode:
where
) in which 0 are unperturbed number density of the plasma species (in which = for electrons, = ℎ for holes, and = for dust), is the charge states of carriers, (= / ) is the ratio of negative charges resided over the colloidal grains to the charge on electrons, 0 (= 0 / ] ) is the drift velocity of carriers, and Γ (= ℏ 2 2 /8 ) in which ℏ is the Plank's constant divided by 2 .
It is not easy to achieve fast electrokinetic mode in presence of drifting carriers in the medium; hence, we will study this dispersion relation under slow electrokinetic mode situation only. If the phase velocity of the wave is less than the average velocities of electrons and holes both, the mode may be termed as slow electrokinetic mode. Therefore, for slow electrokinetic mode, under collision dominated or low frequency regime [] ,ℎ ≫ ( ∓ 0 ,ℎ )], the dispersion relation reduces to following polynomial in :
in which Re,ℎ (= 2 ,ℎ /] ,ℎ ) are the dielectric relaxation frequencies and ,ℎ (= ,ℎ / ,ℎ ) is the Fermi screening scale length of electrons and holes, respectively. Now, it may be inferred from (6) that the quantum effect introduced through quantum terms Γ effectively modifies the wave spectra of all the four possible modes. Equation (6) being of fourth degree in complex wave frequency ( = + ) with complex coefficient is not easy to solve analytically and so we solved it numerically using La Guerre method of finding roots of polynomial.
Results and Discussion

The form of perturbations was considered as exp[ ( − )]
and so the mode may be growing in time when imaginary part of the wave angular frequency becomes negative for the real value of ; that is, < 0 and decaying when > 0. In order to study the behavior of propagating modes, where the electrons and holes are drifting in opposite direction with drift velocities + 0 and − 0ℎ , respectively, we use = + , in (6) , and solve it numerically, where is the real frequency of wave mode and is the growth rate.
We have applied the above analysis to the case of group IV-semiconductor Ge with the following constants: = 0.0815 0 , 0 being the free electron mass, ℎ = 4 , = 10 −27 kg, = 15. Figures 1 to 4 display the dispersion and absorption characteristics of all the four possible modes including and excluding quantum effect (QE) with carrier drift in term of dc electric field 0 . Figures 1 and 2 show the dispersion characteristics of the propagating wave (i.e., I-, II-, III-, and IV-modes) in ionimplanted quantum semiconductor plasma medium. Figure 1 shows the variation of with 0 of I-and II-modes in presence and absence of QE. It is clear from Figure 1 that both the modes (I and II) are propagating in opposite direction to each other, that is, I-mode propagating in the direction of wave propagation (− axis) whereas II-mode propagating opposite direction of wave propagation with equal phase speed. Magnitude of phase constant of I-and II-modes excluding quantum effect increase slowly with increment in carrier drift but including QE phase constant is nearly nonvariant up to 0 = 4.3 × 10 5 Vm −1 . Further, if we increase the carrier drift, the phase speed of both modes decreases with it. Phase constant of I-and II-modes including QE decreases more rapidly as compared to that obtained excluding QE. Here, it is confirmed that the phase speed of both modes modified in presence of QE. Figure 2 infers that the phase speed of both (III and IV) modes including and excluding QE increases with increasing carrier drift in terms of 0 . It is clearly seen from this figure that IV-mode is copropagating mode and III-mode is counter-propagating mode. Inclusion of QE enhances the phase speed of both the modes. By increasing the strength of electric field, the phase velocity of III-mode increases in presence and absence of QE. The phase speed of III-mode is slightly higher than the IV-mode in presence as well as absence of QE. Hence, it is confirmed that the quantum effect in multicomponent semiconductor plasma is responsible for modification of phase speed of both the modes (III and IV). Figures 3 and 4 show the absorption characteristics of all four possible modes of slow electrokinetic mode in presence and absence of QE with carrier drift in terms of 0 . From Figure 3 , it may easily be illustrated that the characteristics of both the modes (I and II) are exactly opposite; the I-mode is growing (amplifying) with increment in carrier drift whereas the II-mode is decaying with it. Inclusion of QE enhances the phase speed of both the modes as well as enhances the growth rate of I-mode and attenuation coefficient of II-mode.
In Figure 4 , the characteristics of III-and IV-modes are found to be again of opposite nature to each other; that is, III-mode is found to be decaying in nature whereas IV-mode is growing in nature in presence and absence of QE. It is also clear that the decay and growth rates of III-and IV-modes slowly decrease with increment in carrier drift. The decay rate of III-mode is higher in presence of QE whereas QE decreases the growth rate of IV-mode. 
Conclusions
In this investigation, we have studied drift modified longitudinal electrokinetic mode in colloids laden semiconductor quantum plasma using QHD model under the slow electrokinetic mode limit. It is found that quantum effect through Bohm potential and the effect of streaming carriers due to presence of strong dc electric field significantly modify the propagation characteristics of all the modes. We also found that the quantum correction term substantially alters the dispersion and absorption characteristics of electrokinetic wave in colloid laden semiconductor plasma when sample is highly doped. The weakness of QHD model, of-course, results in its inability to take into account kinetic effects like landau damping, driven by resonant wave-particle interactions.
